There is no convincing evidence in the literature that streptococcal hemolysin is an antigen; and it appears to be a generally accepted view that the titre of antistreptolysin, in the sera of normal animals, cannot be increased by immunisation with streptolysin. Experiments described in this paper show that the lack of antigenic activity is caused by the serum used in the preparation of streptolysin. Hemolytic streptococcal filtrates, prepared without serum, behave like any ordinary antigen and they can be used to titrate the antistreptolysin in the sera of normal or immunised animals.
There is no convincing evidence in the literature that streptococcal hemolysin is an antigen; and it appears to be a generally accepted view that the titre of antistreptolysin, in the sera of normal animals, cannot be increased by immunisation with streptolysin. Experiments described in this paper show that the lack of antigenic activity is caused by the serum used in the preparation of streptolysin. Hemolytic streptococcal filtrates, prepared without serum, behave like any ordinary antigen and they can be used to titrate the antistreptolysin in the sera of normal or immunised animals.
Methods
In the following experiments streptococcal hemolysin, free from bacteria, has been prepared by two different methods. The first method is founded on the experiments of MeLeod (1): Hemolytic streptococci are grown for 12 hours in broth containing 20 per cent of normal horse serum and the culture is then filtered through a Maasen candle. The second method was described by Neill and Mallory (2): Hemolytic streptococci are grown for 16 hours in broth which does not contain serum but which is enriched with yeast extract prepared as described by ThjStta and Avery (3) . Air is excluded from the cultures during incubation by covering the medium with a heavy vaseline seal.
Preliminary Experiments
NeiU and Mallory (2) have shown that streptolysin, prepared by their method, is exceedingly sensitive to oxygen; they consider that their active hemolysin is oxidised to an inactive substance much more readily than methylene white is oxidised to methylene blue. They found that a shallow layer of active hemolysin was oxidised to an inactive substance in 6 hours at 38°C. when exposed to atmospheric oxygen and that the titre was only slightly reduced by the same period of incubation if air was excluded by a vaseline seal. They also found 267 that hemolysin, inactivated by exposure to air at 38°C. for 6 hours, could be reactivated by reducing substances such as sodium hydrosulfite, but that more prolonged incubation caused irreversible oxidation. They therefore distinguished three degrees of activity of streptolysin: (1) active hemolysin in the fully reduced state, (2) inactive hemolysin which could be reactivated by reduction, (3) inactive hemolysin which was irreversibly oxidised and which could not be reactivated by reducing substances.
Todd (4) showed that streptolysin, obtained from broth cultures containing 20 per cent of normal horse serum, did not react with oxygen in the manner described by Neill and Mallory. The titre of hemolysin in serum broth gradually fell on exposure to incubator temperature and it was found impossible to prevent this decline in activity by exclusion of oxygen. It was also found that inactivation was not accelerated by powerful oxidising agents such as hydrogen peroxide.
The following experiments were done to investigate these discrepancies.
Hemolytic streptococci were grown in broth to which 20 per cent of normal horse serum had been added; and sterile hemolysin was obtained by filtration through a Maasen candle. The hemolysin was titrated immediately after filtration and it was then completely inactivated by storage in a 5 x ~ inch tube at 25°C. for 2 days. A parallel experiment was performed with a culture of the same strain which had been grown for 16 hours in broth containing 7 per cent of yeast extract instead of serum. In this case inactivation at 25°C. was continued for an extra day to allow more complete oxidation. The two inactive filtrates, which gave the same pH readings, were then reduced with 1.0 per cent of sodium hydrosulfite and phosphate buffer as described by Neill and Mallory (30 minutes at room temperature). Table I shows that the serum-free hemolysin was reactivated to a higher titre than the original filtrate (Lyr + Lyo Neill and Mallory); on the other hand sodium hydrosulfite did not cause any return of hemolytic activity in the filtrate which contained serum.
Channon and McLeod (5), working with broth containing 30 per cent of normal ox serum, succeeded in obtaining, by reduction, a slight reactivation of streptolysin which had been inactivated at 37°C. They noted, however, that only a partial reactivation was obtained (M.H.D. of original filtrate = 0.01 cc., M.~.D. of reduced filtrate = 0.5 cc.) in contrast to the experiments of Neill and Mallory who obtained, by reduction, active hemolysin of equal or higher titre than the original unoxidised fluids prepared from young cultures.
It is evident that streptolysin which contains serum is more resistant to the processes of oxidation and reduction than serum-free hemolysin. Further evidence of this difference is given by the following experiment.
A hemolytic filtrate, prepared from 20 per cent serum broth, was divided into three parts. Part 1 was mixed with ~ of its volume of hydrogen peroxide, Part Control: Broth + 1 per cent Na2S~O, = no hemolysis. +++ = complete hemolysis. ++ = incomplete hemolysis. + = partial hemolysis. 0 = absence of hemolysis. -= not tested.
2 received the same volume of a mixture of hydrogen peroxide and peroxldase; and the volume of the third part was adjusted with normal saline. After 24 hours at room temperature the three preparations were equal in hemolytic titre. In a parallel experiment, with serum-free hemolysin, the peroxide preparations were less active than the control after 3 hours at room temperature and after 24 hours they were completely inactivated while the control retained a part of its original activity.
Hemolysin in serum broth may also be distinguished from serumfree hemolysin by the following characteristic differences.
1. Filterability.--McLeod has shown that filtration of cultures containing serum through Maasen candles causes very little loss of hemolytic titre. Serum-free cultures, on the other hand, are almost completely inactivated by Maasen filtration owing to two processes (a) oxidation, (b) adsorption of hemolysin by the filter candle. Oxidation may be corrected by subsequent reduction with sodium hydrosulfite and adsorption may be minimised by using candles specially prepared in the manner described in Appendix 2.
2. Rate of Lysis.--Streptolysin, free from serum, is of much lower titre than streptolysin prepared in serum broth and yet the former lyses rabbits' cells much more rapidly than the latter. Comparative observations showed that at 37°C. 5 ~.H.D. of serum-free hemolysin caused complete lysis in 3 minutes while the same dose of serum-hemolysin required 22 minutes, when untreated filtrate was tested, and 17 minutes when the hemolytic system was reduced with sodium hydrosulfite. Similarly at 20°C. serum-free hemolysin required 15 minutes and serum hemolysin required 2{ hours to cause complete hemolysis.
Demonstration of A ntihemolysin
Numerous unsuccessful a t t e m p t s have been m a d e to immunise animals with streptolysin containing serum. T h e experiments quoted above show t h a t serum retards the activity of hemolysin, causing a reduction of the hemolytic rate and an increased resistance to oxidation or reduction. I t seems possible t h a t the antigenic failure of hemolysin m a y also be attributable to the presence of serum in the hemolytic fluids used for inoculation.
In the experiments described in this paper all hemolytic axltigens used for immunisation were prepared without serum, as described in Appendix 2; and the antihemolysin, in the serum of normal and immunised animals, was titrated against serum-free hemolysin by determining the volume of serum required to neutralise 2½ M.H.D. of hemolysin in 15 minutes at 37°C. (see Appendix 3).
The sera of eighteen normal rabbits were tested for antistreptolysin and it was found that in each case 1.0 cc. of serum failed to neutralise 2½ xt.H.D, of yeast extract streptolysin. Three of the rabbits were then injected with serum-free streptolysin. Rabbit 1 intravenously, Rabbit 2 intraperitoneally, Rabbit 3 subcutaneously. Twenty injections of 10 cc. each were spread over a period of 40 days, and test bleedings were taken at intervals. The smallest volumes of serum which completely neutralised 2½ U.H.D. of hemolysin were (a) after intravenous injection 0.002 cc., (b) after intrapedtoneal injection 0.005 cc., (c) after subcutaneous injection 0.01 cc.
The animals reacted satisfactorily to the hemolytic antigen; an experiment was therefore designed to compare the antigenic values of aliquot parts of the same antigen inactivated at different temperatures. The four antigens used in this experiment were (a) active reduced streptolysin, (b) streptolysin, which had been inactivated and irreversibly oxidised by exposure to air in a shallow layer for 24 hours at 37°C., (c) streptolysin inactivated and apparently destroyed by heating in a water bath at 60°C. for I hour, (d) streptolysin sealed in a glass tube which was totally immersed in boiling water for 1 hour. Four rabbits were injected intraperitoneally with weekly doses of the four antigens which were freshly prepared for each injection; and the antihemolytic titre of the serum of each rabbit was determined weekly on the 7th day after inoculation. The result of this experiment is shown by Fig. 1 .
At the beginning of the foregoing experiment the sera of the four rabbits contained so little antihemolysin that they all failed to prevent Ve~Idy dozes of antigens complete hemolysis in doses of 1.0 cc. The curves show that active hemolysin induced the greatest production of antihemolysin in the shortest time; hemolysin inactivated at 37°C. was only slightly less antigenic; hemolysin inactivated at 60°C. was considerably less antigenic; while hemolysin inactivated at 100°C. was the least active antigen. Evidence that the filtrate remained slightly antigenic after heating at 100°C. is derived from the observation that 1.0 cc. of serum, from the rabbit which received boiled antigen, neutralised increasingly large fractions of the test dose of hemolysin; during the first 4 weeks 1.0 cc. of serum allowed complete hemolysis; during the 8th, 9th, and 10th weeks 1.0 cc. of serum allowed only a trace of hemolysis; and after the 12th week, when inoculations had been stopped for 3 weeks, 1.0 cc. of serum again allowed complete hemolysis. There was, therefore, a definite increase in antihemolysin due to immunisation with boiled antigen, although the serum did not at any time contain sufficient antihemolysin in 1.0 cc. to neutralise completely 2½ M.H.D. of hemolysin. This effect of boiled antigen, which was not accurately measured, is represented by the dotted line in Fig. 1 .
In order to exclude the possibility that these differences in response to inoculation were due to individual differences in the reactive capacity of the rabbits, an experiment, similar to an absorption test, was set up with the four antigens used for immunisation.
Five sets of equally graded dilutions of high titre antihemolytic horse serum were made in 0.1 cc. volumes; 0.5 cc. of active reduced hemolysin was added to each tube of the first set of dilutions; three sets of dilutions were respectively treated with 0.5 cc. of hemolysin irreversibly oxidised at 37°C., hemolysin inactivated at 60°C., and hemolysin inactivated at 100°C.; and the fifth set of dilutions was used as a .control by substituting normal saline for antigen. All the tubes were incubated at 37°C. and an additional series of tubes each containing 0.! cc. of saline, instead of serum, and 0.5 cc. of active hemolysin was included in the experiment for periodical observations on the activity of the hemolysin. After 24 hours incubation the hemolysin was inactive and after 4 days it was irreversibly oxidised. The five sets of tubes were therefore removed from the incubator on the 4th day and their antihemolysin content was determined in the usual way (see Appendix 3). The result of this experiment is shown in Table II .
The original dose of serum which completely neutralised 2½ ~.H.D. of hemolysin was 0.0004 cc. and the titre of the serum remained unchanged after incubation with normal saline for 4 days. On the other hand all the antigens reduced the titre of the serum; the figures given below are the differences in antihemolytic titre between untreated serum and serum absorbed with the specified antigens. Hemolysin absorbed the antihemolysin as follows:
Active hemolysin absorbed antihemolysin in 0.0016 cc. serum (0.002 -0.0004). Iuactivated at 37°C. " " " 0.0005 " " (0.0009--0.0004).
" "
60°C. Active hemolysin absorbed the largest quantity of antihemolysin and the power of each antigen to absorb antihemolysin corresponded with its activity as an immunising agent for rabbits. Fig. 1 and Table I I show that the long exposure to high t e m p e r a t u r e required to destroy the antigenic activity of yeast extract streptolysin is of the same order as the temperature conditions required to destroy the skin reactivity of Dick toxin. This observation suggested an examination of scarlet fever antitoxin for antihemolysin.
A n t i h e r a o l y s i n i n S c a r l e t F e v e r A n t i t o x i n
Samples of scarlet fever antitoxin, puerperal fever antitoxin, and erysipelas antitoxin were tested for antistreptolysin by the method described in Appendix 3; they all contained considerable quantities of antihemolysin. The specificity of streptococcal antihemolysin is shown by the low titre of antistreptolysin in normal horse serum and in the various immune horse sera tested, which included antisera to the hemolytic toxins of staphylococci, tetanus bacilli, and diphtheria bacilli, antitoxin prepared from non-hemolytic streptococci, and antibacterial sera prepared from pneumococci, meningococci, and B. welckii. The source, the antitoxic value, and the antistreptolysin content of the sera tested are given in Table I I I ; the neutralising doses of sera from horses ~mmunised with hemolytic streptococcal toxins ranged from 0.0009 to 0.0002 cc. while the doses of control sera ranged from 0.4 to 0.02 cc.
Comparative Effects of Scarlet Fever Antitoxin on Serum Streptolysin and on Yeast Extract Streptolysin
In view of the reported failures to detect large quantities of antihemolysin in the serum of immunised animals, scarlet fever antitoxin and normal horse serum " serum streptolysin.
T h e i m m u n e s e r u m was t e n t i m e s s t r o n g e r t h a n t h e n o r m a l s e r u m in its p o w e r to n e u t r a l i s e y e a s t e x t r a c t h e m o l y s i n , a n d y e t the t w o sera were equal in t h e i r a b i l i t y to n e u t r a l i s e s e r u m h e m o l y s i n . T h i s suggests t h a t failure to d e t e c t a n y i n c r e a s e of a n t i s t r e p t o l y s i n in t h e sera of a n i m a l s i m m u n i s e d w i t h s t r e p t o c o c c a l filtrates has b e e n due to m e t h o d s of t e s t i n g for a n t i h e m o l y s i n r a t h e r t h a n to m e t h o d s of i m m u n i s a f i o n .
DISCUSSION
o n , i t was i m p o s s i b l e to p r e p a r e sterile s t r e p t o l y s i n , of sufficiently high titre to be useful in laboratory tests, without adding large quantities of normal serum to the broth. Experiments recorded in this paper show that serum affects hemolysin in unexpected ways, causing delayed hemolysis, resistance to oxidation or reduction, and inability to combine with the specific antihemolysin which readily neutralises yeast extract streptolysin. An experiment has been quoted showing that although an immune serum was ten times more active than a normal serum in neutralising yeast extract hemolysin, yet these two sera were equal in their ability to neutralise serum hemolysin. It therefore seems probable that the neutralisation of serum streptolysin by normal and immune sera is dependent on the chemical composition of the sera and is not due to the action of a specific antibody. This hypothesis is supported by the observations of Lyall (6) who, working with guinea pig, rabbit, cow, human, and sheep sera showed that, with occasional variations, the volume of serum required to neutralise a unit of serum hemolysin is uniform for the same species of animal. McLeod and NfcNee (7) showed that rabbits become anemic when injected with serum streptolysin and that repeated injections not only fail to cause immunity but actually render relatively insusceptible rabbits more susceptible to serum hemolysin. This observation is in marked contrast to the experiments on immunity to yeast extract streptolysin recorded in this paper which show that repeated injections of active yeast extract streptolysin produce only transitory toxic symptoms in rabbits and stimulate the production of specific antihemolysin. It is also possible to demonstrate that animals immunised with yeast extract streptolysin are more resistant to infection by the relatively attenuated variants of hemolytic streptococci than normal animals, although their immunity to highly virulent variants is not increased. These important differences between the properties of two substances which possess certain common characteristics, but which are obviously not identical, necessitate consideration of the relationship which presumably exists between serum hemolysin and yeast extract hemolysin. It is possible that serum streptolysin owes its distinctive characteristics, namely filterability, relatively slow lysis, resistance to oxidation or reduction, and absence of antigenicity, to adsorption by serum; and that the free streptolysin which is formed in cultures without serum owes its greater lability and activity to the absence of any adsorbing substance.
The use of yeast extract streptolysin for quantitative estimations of antihemolysin has shown that there is considerable variation in the quantity of specific antistreptolysin in the sera of normal animals; this variation possibly depends on the susceptibility of the species to infection by hemolytic streptococci. Estimations of the specific antistreptolysin in the sera of apparently normal men and horses, both notoriously subject to attack by hemolytic streptococci, show that the neutralising dose of serum may vary from 0.3 to 0.02 cc.; on the other hand sera of normal rabbits which seldom, if ever, suffer from natural infection with non-capsulated hemolytic streptococci, have a uniformly low anfistreptolysin titre. It seems probable that the variations in specific antistreptolysin in human and in horse sera may be due to previous infections and to subinfections with hemolytic streptococci. Observations have been made on sera from patients infected with hemolytic streptococci and, although the numbers are at present small, yet all the cases which have recovered from the infection have developed increasing quantifies of specific antistreptolysin in their sera during the course of the illness. Table III shows that horses immunised with the toxins of hemolytic streptococci derived from cases of scarlet fever, erysipelas, and puerperal fever all develop specific antistreptolysin capable of neutralising yeast extract hemolysin prepared from a scarlet fever strain. Conversely antihemolysin, prepared by immunising a horse with filtrate from one serological type of scarlet fever streptococcus, neutralises the streptolysin of both homologous and heterologous strains to the same titre. It therefore seems probable that the hemolysins of all streptococci are serologically identical; and if, after more extensive observations, this is found to be the case there are a number of problems which may be elucidated by observations on specific antistreptolysin in sera. A constant rise of antistreptolysin in the serum, during the course of a disease of uncertain etiology, may be taken as evidence that the disease is associated with infection by hemolytic streptococci; it is hoped that this test may be useful in the study of rheumatic fever. In diseases which are certainly caused by hemolytic streptococci, such as puerperal septicemia, observations on the rise or fall of immunity to streptolysin may be significant in prognosis and may throw light on the patients' reaction to infection. yeast, and emulsify in distilled water (25 gin. to 100 cc.), boil as previously described. The pH is usually about 4.5, and adjustment of reaction before boiling is therefore unnecessary.
Appendix 2. Preparation of Active Reduced Streptolysin (Antigenic)
NeiU and Mallory used a special "~ufiltered" muscle infusion broth for preparing serum-free hemolysin. In experiments now recorded a number of different types of broth have been used including ",mfiltered" muscle infusion broth, tryptic digest broth, beef and veal infusion broth, and horse flesh infusion broth. The best results have been obtained with horse flesh infusion broth containing 2 per cent Dffco proteose peptone, adjusted to pH 8.0; but there is great variation in the yield of streptolysin from different batches of broth prepared in the same way and, as the essential factor responsible for this variation in streptolysin production is unknown, broth which is satisfactory for streptolysin production has been secured by testing every batch of broth, made for the routine work of the laboratory, and reserving suitable hatches for streptolysin production. The broth is sterilised by filtration and distributed in 93 cc. volumes in 7 x 1½ inch tubes, autoclaved at 115°C. for 5 minutes with an equal number of tubes containing 15 cc. of vaseline. When the autoclave is opened the hot vaseline is poured on to the surface of the medium and the broth is stored at room temperature. Filtralion.--A 5 x i inch Maasen candle is epecially prepared to prevent adsorption of hemolysin by immersion for 16 hours in fresh normal horse serum which is then removed by filtration; excess of serum, in the pores of the candle, is washed out by filtration of normal saline. Cultures are then filtered through the candle by negative pressure.
Reduction of Streptolysin.--The filtrate is reduced by adding 3.0 cc. ~ NaOH and 1.5 gin. of sodium hydrosulfite to 300 cc. of filtrate in the filter flask which is closed with a rubber bung and exhausted with a water pump for ½ hour at room temperature. The pH is then adjusted to give a pink colour with phenol red on a white tile; accurate determination of pH is difficult as the sodium" hydrosultite rapidly decolourises the dye (7.5 cc. of N NaOH is usually added to 300 cc. of illtrate). The reduced filtrate is stored in the refrigerator in 12 cc. volumes in narrow tubes sealed with vaseline; and, under these conditions, the hemolytic activity is maintained for several weeks. Reduced filtrate made up to 0.5 cc. with normal saline and incubated with 0.5 cc. of 5 per cent washed rabbit cells in
